A free-space silicon one-dimensional photonic bandgap optical filter is designed and fabricated. A two-stage (110) wafer etching process is employed to form the extremely vertical, smooth, and high-aspect-ratio features that are essential for good optical properties. The ͗111͘ oriented planes of the wafer form Ͻ0.01°off-vertical trenches that make up the Fabry-Perot filter. A simulation model is presented that analyzes the effect of verticality and predicts the measured spectrum well. © 2006 Optical Society of America OCIS codes: 050.2230, 120.2440, 120.2230, 060.2310 In recent years, photonic bandgap (PBG) structures have attracted much attention. Their wide stop bands, which are due to the large difference in index of refraction, reflect all frequencies of light that lie within this gap. Constructing PBG-based devices from silicon is appropriate because silicon is well studied, low cost, and electronically integrable and has well-developed methods of fabrication. One PBG device of interest is an in-line filter for use in optical fiber communication networks. By constructing a Fabry-Perot based filter between two fibers, for which each mirror is a one-dimensional (1D) PBG structure and the main cavity is half of the transmitted wavelength, one can achieve a wide stop band with a narrow passband. Other devices of this sort have been fabricated that use dielectric stacks, but they suffer from more complicated packaging and alignment, or smaller band stops, and have limited integration potential. 1-3 If silicon is used, only three silicon-air paired layers are needed for each mirror, making the device extremely compact and potentially low loss. An in-plane design in which the PBG structure is etched into the substrate and the fibers are incorporated in plane, eases the integration process and facilitates the construction of a high-quality filter with easy to fit grooves and springs for the fibers. A similar design was presented by Yun and Lee, 4 but the passband was wide, and the lack of transmission measurements or insertion-loss values also suggests that the performance was far from ideal. For the device to have good optical properties, the PBG structure must be extremely vertical, accurate in dimensions, and have optically smooth surfaces. For a fiberto-fiber, free-space design for which a relatively wide beam is needed and consequently the structure has a high aspect ratio, nonvertical structures change the optical thickness that the light beam encounters from top to bottom; this consequentially widens the passband and increases the loss. From numerical analysis we have determined that the lack of wall verticality obtained when deep reactive-ion etching (DRIE) is used, even if it is followed by oxidation smoothing, 5 is sufficient to degrade the performance substantially. To overcome these fundamental limitations of DRIE we employed a fabrication technique that combines DRIE and wet etching to achieve both the required verticality and nearly atomic smoothness.
In recent years, photonic bandgap (PBG) structures have attracted much attention. Their wide stop bands, which are due to the large difference in index of refraction, reflect all frequencies of light that lie within this gap. Constructing PBG-based devices from silicon is appropriate because silicon is well studied, low cost, and electronically integrable and has well-developed methods of fabrication. One PBG device of interest is an in-line filter for use in optical fiber communication networks. By constructing a Fabry-Perot based filter between two fibers, for which each mirror is a one-dimensional (1D) PBG structure and the main cavity is half of the transmitted wavelength, one can achieve a wide stop band with a narrow passband. Other devices of this sort have been fabricated that use dielectric stacks, but they suffer from more complicated packaging and alignment, or smaller band stops, and have limited integration potential. [1] [2] [3] If silicon is used, only three silicon-air paired layers are needed for each mirror, making the device extremely compact and potentially low loss. An in-plane design in which the PBG structure is etched into the substrate and the fibers are incorporated in plane, eases the integration process and facilitates the construction of a high-quality filter with easy to fit grooves and springs for the fibers. A similar design was presented by Yun and Lee, 4 but the passband was wide, and the lack of transmission measurements or insertion-loss values also suggests that the performance was far from ideal. For the device to have good optical properties, the PBG structure must be extremely vertical, accurate in dimensions, and have optically smooth surfaces. For a fiberto-fiber, free-space design for which a relatively wide beam is needed and consequently the structure has a high aspect ratio, nonvertical structures change the optical thickness that the light beam encounters from top to bottom; this consequentially widens the passband and increases the loss. From numerical analysis we have determined that the lack of wall verticality obtained when deep reactive-ion etching (DRIE) is used, even if it is followed by oxidation smoothing, 5 is sufficient to degrade the performance substantially. To overcome these fundamental limitations of DRIE we employed a fabrication technique that combines DRIE and wet etching to achieve both the required verticality and nearly atomic smoothness.
6-8 Figure 1 is a schematic of the device. The 1D PBG filter is made from alternating silicon and air layers, each a quarter of a wavelength in width (or of an odd multiple, m si and m air ), where the wavelength is the center wavelength of the transmitted passband ͑ c ͒ in the medium ( c = 1.55 m in air). The middle airgap cavity is chosen to be half of the wavelength (or a multiple, m cavity ), and angle is the etching angle caused by the imperfect fabrication process. We assign the notation m = ͓m si , m air , m cavity , n bars ͔ to describe the layers' quarter-wave multiplication factors and the number of silicon bars in each mirror, i.e., for our fabricated device m = ͓21,5,2,3͔. Using a transfer matrix formulation, one can accurately simulate a 1D air-silicon stack for plane waves, but further investigation is necessary to estimate the effect of nonparallel layers caused by the etching angle and by the use of fibers. A simple model was suggested by Wahl et al., 9 but it does not take into account the width of the optical beam and assumes a uniform cavity width throughout the beam. If E͑ , x͒ is the input Gaussian beam profile, one can calculate its angular Fourier transform to be Ẽ ͑ , ͒, where = sin −1 k x / k and k is the wavenumber. To incorporate the etching angles we chose to model the system as a wedged FabryPerot cavity with a lossless 1D PBG mirror on either side. The reflectivity and transmission coefficients of each mirror are r 1 , t 1 ͑ , ͒ and r 2 , t 2 ͑ , ͒, calculated from the matrix formulation, 10 and are strongly dependent on incident angle . One can therefore calculate the output field by tracing the light geometrically as it bounces in the cavity, accumulating angle and phase: Fig. 1 . Schematic of the filter design between two lensed fibers. The filter is viewed as a Fabry-Perot filter with two PBG mirrors. To account for etching imperfection, angle is introduced.
where p1 , L p1 and p2 , L p2 are the angle of incidence and the path from each mirror, respectively, for each double reflection p. These angles and path lengths can easily be calculated and are a function of etch angle . We neglect the etch angle effect within the PBG mirrors themselves, as they are fairly broadband reflectors (owing to the large index-of-refraction contrast), and so the characteristics of the resonator are determined entirely by the / 2 cavity. To calculate the overlap integral of the transmitted lateral profile with the output fiber mode we use
And therefore the overall spectrum is calculated from the output and input fields and the overlap efficiency:
. ͑3͒ Figure 2 shows computed spectra for an m = ͓21,5,2,3͔ filter in the ideal case of = 0. The insertion loss in the passband drops rapidly with increasing beam width, but the use of commercially available 9 m radius Gaussian beam fibers gives a reasonable compromise between this inherent loss and the required aspect ratio of the etched grooves.
An equivalent analysis for a range of device parameters was carried out, leading to the general observation that the air gaps should be reduced to a minimum width (to limit diffraction) but that the silicon should be a higher multiple of quarter wavelengths to reduce the passband width. This naturally reduces the band stop, but dense wavelength-division multiplexing requirements can still be met. If alternately a single quarter-wavelength width is used ͑m = ͓1,1,1,3͔͒, an additional paired layer is required, making a total of four bars, to achieve a similar fine passband, resulting in excessive loss. The use of thicker layers simplifies fabrication, especially when regular photo masks are used, because larger features are needed. Figure 3 shows a simulated approximation of the effect of the etch angle on the output spectrum. The simulation was carried out for a 9 m radius Gaussian beam input and an m = ͓21,5,2,3͔ filter. The angle is the taper angle of the silicon features, with = 0°meaning absolutely vertical. It is apparent that the angle tolerance is tight, with substantial degradation in performance at angles larger than 0.005°. This gives some indication of the precision achieved in the measured device. To achieve these high fabrication tolerances we used (110) oriented silicon wafers that have the unique ability to produce vertical trenches when they are properly aligned to the ͗111͘ flat. 11 Uenishi et al. have shown that optical devices with high aspect ratios can be fabricated on such wafers, and their atomically flat vertical surfaces were of a high quality suitable for optical applications such as mirrors and beam splitters. 12 One main drawback to this (110) wet etching technique is that any feature that is not parallel to the (111) planes will be etched in a difficult-to-foresee manner, and though there are several wet etching simulators that aid such designs, it is quite difficult to achieve controlled outcomes. Moreover, as the best practical aspect ratio 13 is Ͻ1 : 200, we can conclude that the best etch angle will be = tan −1 ͑1 / 200͒ = 0.29°, which is far from sufficient for our needs. To overcome these problems without losing the benefit of verticality and smoothness, we used a fabrication process that was similar to that recently reported by Yun et al. 7 ; we used DRIE for the initial etch, followed by a short KOH wet etching process. The process is as follows: a thin layer of oxide is grown on a (110) silicon wafer. By conventional photolithography, the device pattern is transferred to the oxide. The photomask is aligned such that the optical trenches are aligned with ͗111͘ flat. An initial DRIE is carried out to transfer the pattern to the silicon, which results in trenches of high but still insufficient verticality. After the structure is etched 25 m deep, a quick dip of ϳ2 min in a 45 wt. % KOH ͑70°C͒ solution clears up the scalloping from the trenches and exposes the ͗111͘ planes. In addition, we fabricated a two-height structure for which an additional, deeper DRIE step follows fabrication of the 1D PBG to deepen the fiber grooves sufficiently to bring the core to the correct height. The PBG structure is protected with photoresist during this step. We believe that the initial deep etching allows the KOH to etch the ͗111͘ surface uniformly, thus giving enhanced verticality compared with that obtained with direct wet etching while it still achieves the surface quality associated with the direct approach.
As can be seen from Fig. 4 , scalloping is completely removed from the (111) planes without destroying features on other orientations. The inset shows a cross section of the vertical features. Using the deeper etched alignment grooves, we inserted the two lensed fibers and we then positioned in place, i.e., 150 m from the filter center on both sides, the plane of the 9 m wide planar wavefront. Using an Agilent 86140B optical spectrum analyzer and a broadband LED source, we measured the fiber-to-fiber transmission of the filter and compared it with the simulation (Fig. 3) . Apart from some excess loss, which may be due to optical scattering, there is good agreement between the two. An insertion loss of 11 dB, a narrow passband of 0.65 nm, and a 200 GHz channel isolation of −20 dB were measured. There is a 700 GHz shift from the design in the transmission peak, which is equivalent to a 26 nm overetching in the silicon bars' widths.
To conclude, a free-space, deeply etched 1D PBG filter has been fabricated, and the measured spectrum agrees well with the developed model. By breaking down the etching process into two stages, i.e., one etch depth for the filter and another for the fiber grooves, we were able to obtain better control of the filter's dimensions and sidewall quality because of the shorter etching times and consequently thinner oxide mask required. Assuming that there is negligible spatial variation of the etching properties over the lateral range of the filter element (a few micrometers), width control is less of a problem because it mainly detunes the filter and can be further controlled by timing of the wet etching or oxidizing the surfaces. The use of (110) wafers and KOH improves the overall verticality and smoothness of the structure compared with other reported devices. We believe that the use of (110) wafers is essential to achieving adequate results when it comes to highaspect-ratio structures for optical devices of this type, as there is negligible tolerance for changes in thickness across the optical beam. Any such unevenness results in broadening of the passband and in excess loss. Further investigation is needed to decrease the overall loss, possibly by use of larger minimum-focaldistance lensed fibers. The structure reported here is well suited for adaptation to tunable devices for which the transmitted center wavelength can be varied by actuation of the mirrors laterally along the optical axis, which is a subject of our current research.
